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Abstract 
One of the most threatened plants in the Great Lakes region is Pitcher’s thistle (Cirsium 
pitcheri), which inhabits sand dunes along the shorelines of Lakes Michigan, Huron, and 
Superior. In addition to risks from habitat loss and invasive species, C. pitcheri are 
imperiled by a thistle bud weevil (Larinus planus) that was originally distributed for 
biological control of nonnative thistles. During the summer of 2014, we empirically studied 
the devastating damage caused by L. planus on a population of C. pitcheri at Whitefish 
Dunes State Park, WI, to determine what factors influence the distribution and intensity of 
damage. We devised three treatments isolating the effects of elevation and neighboring 
plants. Our experiment revealed that the low elevation treatment with the greater 
neighboring plant density experienced the most damage during both the early and late 
season assessments. Additionally, we demonstrated that different abiotic and biotic factors 
affect L. planus distribution and damage during the early season compared to the late 
season. Finally, we analyzed the thistle-weevil system from a spatial ecology perspective. 
These results have important implications for other studies of plant-insect interactions, 
offer a cautionary tale about biological control, and inform efforts to conserve C. pitcheri. 
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Introduction 
Conservation Conundrum 
As civilization continues to expand and encroach on wild places, the “conservation 
crusade” becomes more dire (Udall, 1964). While the tenets of conservation are 
straightforward – natural areas should be preserved in perpetuity, species should be 
protected from extinction, and ecosystems should be managed sustainably – putting theory 
into practice is not. Ecologists and natural resource managers are faced with a myriad of 
dilemmas ranging from the ideal extent of human access in a national forest to maintaining 
healthy populations of flora and fauna. In the case of the national forest, the difficulty may 
lie in balancing the harvesting needs of a logging company, the recreational needs of hikers, 
and the ecological needs of the forest’s biota. All stakeholder groups may lay claim to the 
ecosystem services provided by the forest, and the flora and fauna have intrinsic value as 
well.  
Although they may seem undesirable because of their prickly features, thistles 
(Cirsium spp.) are flora with intrinsic value. One of the most carefully studied members of 
this unique genus is Pitcher’s thistle (Cirsium pitcheri). Because of its narrow range in the 
western Great Lakes region, specific dune habitat requirements, and monocarpic perennial 
life history, C. pitcheri is very vulnerable to ecosystem changes (Havens et al., 2012). As 
these changes in the form of habitat loss and invasive species take their toll on C. pitcheri, 
Havens et al. (2012) project populations to decline. The conservation status of C. pitcheri is 
even more perilous due to seed predation by a thistle bud weevil (Larinus planus). Larinus 
planus is an alien, or nonnative, species that was introduced to control weedy thistle 
species in the United States (McClay, 1989). Although McClay predicted in 1989 that it 
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would be unlikely to harm native Cirsium spp., L. planus has become established at 
Whitefish Dunes State Park, WI, and other dune communities where it inflicts devastating 
damage on C. pitcheri, thereby exacerbating its risk of extinction (Havens et al., 2012). In 
order to understand this thistle-weevil system and potentially inform conservation efforts, 
several ecologists are studying C. pitcheri and L. planus from many different perspectives. 
In our research, we examined the spatial ecology of the system to determine what abiotic 
and biotic factors influence L. planus distribution and damage of C. pitcheri. 
Conservation conundrums like the problems facing C. pitcheri become even more 
challenging due to the limited amount of time and funding available to cope with them. In 
response, some prescient ecologists are developing frameworks for assessing the 
importance of species and determining which, if any, are expendable. The notion of 
ecological triage has its roots in medicine. Just as doctors prioritize patients for medical 
treatment based on the seriousness of their conditions, so too are some applied ecologists 
prioritizing species for conservation based on their risk of extinction. These concepts of 
ecological triage and the expendability of species are paramount to conserving biological 
diversity (Kareiva and Levin, 2003). While there are many methods for measuring 
biodiversity, every metric and index is founded on an assessment of individual species 
(Whittaker, 1972; Magurran and McGill, 2011). Collectively these species constitute an 
ecological community whose whole is greater than the sum of its parts. Thus, protecting 
biodiversity hinges upon preserving individual species and their intricate web of 
interactions. To use a structural simile, species bind together a community as rivets fasten 
the wing of an airplane – the loss of a few rivets would be negligible, though worrisome, but 
the loss of many rivets would be disastrous (Ehrlich and Ehrlich, 1981). Yet, not all species 
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are of equal stature in their communities. Paine’s landmark studies (1966, 1969) of marine 
littoral zones led to the realization that some species act like keystones by maintaining the 
integrity and stability of their communities. Without these critically important keystone 
species, the entire structure of the community is jeopardized. 
 Thistles are responsible for a plethora of ecological roles, not the least of which is 
ecosystem resistance to invasion by nonnative thistles (Louda and Rand, 2003). There are 
over 200 species in the thistle genus Cirsium (L.) distributed across Europe, Asia, North 
Africa, and North America (Keil, 2006). Of the North American contingent, several thistle 
species grow in the tallgrass prairies of Nebraska. Interestingly, nonnative bull thistle 
(Cirsium vulgare) co-occurs in these prairies but its population is seemingly limited. As an 
aggressive weed from Eurasia, bull thistle should be highly invasive like it is in the grazed 
grasslands of California (Randall, 1991). However, it has not achieved its invasive potential 
in Nebraska prairies. Louda and Rand (2003) attribute bull thistle’s lack of dominance to 
the fact that phytophagous (plant-eating) insects have included it in their diets as a result 
of spillover from native thistles. In order to investigate their hypothesis that insect 
herbivores of native thistles could transition to feeding on nonnative thistles, they assessed 
insect damage on bull thistle where it co-occurred with native thistles. Louda and Rand 
(2003) found that insects reduced seed production of bull thistle between 71% and 88% 
over a three-year span. Therefore, the insects that feed on native thistles exert considerable 
pest resistance pressure on exotic bull thistle, preventing it from becoming highly invasive. 
It is critical to note that the value of indigenous thistles in this regard would never have 
been detected without the threat of invasion by bull thistle. Thus, the pivotal message is 
that ecologists may not recognize the value, or conversely the expendability, of species 
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unless the ecosystem is perturbed unnaturally. Resource managers must not be too hasty 
to designate species as unimportant lest their decisions result in the extirpation of species 
that had essential, albeit covert, roles in the ecosystem. Committing this error could have 
unanticipated, deleterious effects throughout the community. Even species as outwardly 
obnoxious and prickly as thistles have crucial niches to fulfill. 
 In addition to acting as a buffer against invasive species, native thistles may serve 
many other functions in ecosystems. For instance, they host a broad array of herbivores 
including moth larvae, xylem-sucking insects, and charismatic finches (Louda and Rand, 
2003). As common wildflowers, they also offer rewards to pollinating insects, which is 
especially important in dune habitats where thistles are one of only a few sources of nectar. 
Moreover, thistles store nutrients in their long taproots that are recycled into the 
ecosystem when they die. Many thistles live in sand dunes or along roadsides where they 
help to stabilize the substrate, thereby allowing other plants to colonize those habitats. 
 
Study Species 
Cirsium pitcheri is a perennial that generally takes 4-8 years to mature before 
flowering (Hamzé and Jolls, 2000; Havens et al., 2012). It transitions through four stage-
classes that are distinguished based on their morphology: (1) seedlings with both 
cotyledons present, (2) juveniles with at least one true leaf, (3) vegetatives with pinnatifid 
(deeply cleft) leaves, and (4) reproductives with flowers (Fig. 1). As a monocarpic plant, C. 
pitcheri only flowers and reproduces once during its lifetime and then withers and dies. 
Flowering stems bolt in May and exhibit anthesis (blooming period) from late June to early 
September, producing up to 35 pink or creamy white capitula (henceforth referred to as 
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flower heads) per plant. Cirsium pitcheri is self-compatible, but because it is protandrous 
(anthers mature before stigmas), individual flower heads are not self-fertilizing (Higman 
and Penskar, 1999). However, inbreeding (self-fertilization) can still occur if a pollinator 
visits two flower heads in different stages of anthesis on the same C. pitcheri (Havens et al., 
2012). Since C. pitcheri cannot reproduce vegetatively and are zoophilous (adapted for 
animal pollination), they are entirely dependent on pollinating bees and butterflies 
(Higman and Penskar, 1999). As a result of this life history, C. pitcheri show a mixed mating 
system with substantial outcrossing rates (Loveless and Hamrick, 1988).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 1. The (a) seedling, (b) juvenile, (c) vegetative, and (d) reproductive life stages of Cirsium 
pitcheri. Photographs (a) and (d) by Zechariah Meunier, Lawrence University; (b) and (c) by 
Brenna Decker ’14, Lawrence University.
(a) (b)
(c) (d)
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Figure 2. Two Cirsium pitcheri flower heads showing 
anthesis (flowering) and seed dispersal morphology. 
The blooming inflorescence has prominent anthers and 
the opened flower head has protruding tufts of pappus 
to catch the wind and disperse seeds. Photograph by 
Zechariah Meunier, Lawrence University. 
After fertilization, seeds develop inside flower heads, with seed viability varying 
among sites and years due to genetic differences (Hamzé and Jolls, 2000). Once seeds have 
matured, the flower heads open to facilitate anemochory (wind dispersal). Each seed has 
tufts of pappus (feathery bristles) that catch the breeze like a parachute (Fig. 2). Because 
seeds are relatively heavy, most 
land within 5 m of the parent 
plant, but secondary dispersal 
moves seeds farther distances 
(Loveless and Hamrick, 1988). 
Seeds germinate into seedlings the 
following June, thus renewing the 
life cycle of C. pitcheri (Higman 
and Penskar, 1999; Havens et al., 
2012).  
Cirsium pitcheri is endemic to the upper Great Lakes region along the shorelines of 
Lakes Michigan, Huron, and Superior in the United States and Canada (Loveless and 
Hamrick, 1988; Higman and Penskar, 1999; Havens et al., 2012). The majority of the 
populations are distributed in the Upper and Lower Peninsulas of Michigan, with the 
largest concentrated in the major dune landscapes of the northern Lake Michigan basin 
(Higman and Penskar, 1999; Havens et al., 2012). Wisconsin and Indiana also have several 
populations, many of which are protected in both publically and privately managed 
conservation areas (Havens et al., 2012). While the historical range of C. pitcheri extended 
into Illinois, it was extirpated there in the early 1900s (Higman and Penskar, 1999; Bell et 
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al., 2002). In order to improve the conservation status of C. pitcheri, populations were 
reintroduced at Illinois Beach State Park beginning in 1991 (Bell et al., 2002). This 
restoration has successfully attained several short-term goals, although it remains to be 
seen whether the populations will remain viable long-term. Finally, there are several 
populations in Ontario, primarily along the shores of Lake Huron (Havens et al., 2012).  
In line with its limited distribution, C. pitcheri grows in a narrow range of dune 
habitats in very close proximity to the Great Lakes (Higman and Penskar, 1999). In fact, it is 
colloquially known as dune thistle because it typically grows on sandy dunes, blowouts, 
and shorelines (Loveless and Hamrick, 1988; Higman and Penskar, 1999). High levels of 
wind disturbance are essential for maintaining open sand dune habitat and preventing 
other dune plants from shading C. pitcheri (Higman and Penskar, 1999). It is vulnerable to 
vegetative succession and is generally found in habitats with no more than 30% 
vegetational cover (Havens et al., 2012). In order to cope with the stresses of erosion, 
burial, and extreme drought in its sandy habitat, C. pitcheri has an extensive root system 
with a taproot that can reach 2 m below the surface of the ground to store nutrients long-
term (Higman and Penskar, 1999). 
Besides these habitat stresses, C. pitcheri faces threats from several biological and 
anthropogenic sources. Due to a loss of dune habitats from housing and recreational 
developments throughout the Great Lakes region, the potential range of C. pitcheri has been 
severely reduced (Loveless and Hamrick, 1988). As a result, its conservation status is 
designated as threatened in the United States and endangered in Canada (Rowland and 
Maun, 2001; Havens et al., 2012). Its risk of extinction has been exacerbated further by a 
lack of genetic diversity as measured by heterozygosity relative to other Cirsium species 
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(Loveless and Hamrick, 1988). More specifically, inbreeding was estimated to reduce the 
ecesis (seedling recruitment) of C. pitcheri by 75% (Havens et al., 2012). Ecesis is essential 
for maintaining populations because seedling mortality can be very high (D’Ulisse and 
Maun, 1996). Cirsium pitcheri also has several natural seed predators, the most devastating 
being the American goldfinch (Spinus tristis), which was estimated to reduced ecesis by 
90% (Havens et al., 2012). Even white-tailed deer (Odocoileus virginianus) can substantially 
decrease C. pitcheri populations when they browse on whole juveniles or the flower heads 
of reproductives (Phillips and Maun, 1996).  
Alas, these threats pale in comparison to those of the alien weevil Larinus planus 
(Havens et al., 2012). As a thistle bud weevil, L. planus specializes in ovipositing its eggs 
inside of the flower heads of numerous species of thistles. After copulation in early 
summer, the female L. planus chews a hole in an unopened flower head, oviposits her eggs 
into the hole, and then plugs the hole with masticated plant material (Fig. 3).  
 
 
 
 
 
 
 
 
 
 
Figure 3. After copulation, the female Larinus planus chews a hole in an immature Cirsium pitcheri 
flower head with her long rostrum before ovipositing her eggs. The male weevil walks on a nearby 
stem. Photograph by Kayri Havens, Chicago Botanic Garden. 
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The eggs soon hatch into larvae that feed on the majority of the florets, developing seeds, 
and receptacle tissues as they mature, thereby drastically decreasing the thistle’s fecundity 
(Louda and O’Brien, 2002). Based on field observations from 2011, Havens et al. (2012) 
estimated that the seed predation of L. planus reduces the ecesis of C. pitcheri by 50%. 
However, additional demographic records from 2013 and 2014 indicate that the extent of 
this damage is likely underestimated. Regardless, after the larvae consume a substantial 
amount of seed tissue, they undergo complete metamorphosis. As they develop, the pupae 
change color from white to orange and grow their elongated rostrums. When they first 
emerge in late summer, the adult weevils have a bright orange waxy coating on their 
exoskeletons, but this soon disappears and they acquire their final mottled brown and 
yellow pattern. Although adult L. planus have wings, they are weak flyers and prefer to 
walk between plants (personal observation). Since they are univoltine insects, the weevils 
only produce one brood of eggs per year and the new generation overwinters before 
emerging the following spring (Louda and O’Brien, 2002).  
Unfortunately, L. planus would not be destroying C. pitcheri and other thistle 
populations were it not for human misjudgment (Louda and O’Brien, 2002). It is thought 
that L. planus was accidentally introduced from Europe to the United States in the 1960s 
since it was first reported in Maryland in 1971 (White, 1972). Although it was originally 
adventive (nonnative without self-sustaining populations), L. planus has been repeatedly 
released for biological control against invasive Canada thistle (Cirsium arvense) in several 
states (McClay, 1989; Louda and O’Brien, 2002; Havens et al., 2012). Biological control, or 
biocontrol for short, is a method of managing populations of invasive species through the 
deliberate, focused introduction of their natural herbivores and predators, which are also 
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non-indigenous. Some biocontrol efforts have been successful through an understanding of 
the enemy release hypothesis, which predicts that the specialist enemies of nonnative 
species will not be present in the habitats they invade (Keane and Crawley, 2002). Thus, 
biocontrol seeks to restore natural checks and balances by introducing those specialist 
enemies. Though biocontrol is often less environmentally damaging than chemical, 
physical, and mechanical control methods, there is tremendous potential for harmful, 
unintended consequences (Simberloff and Stiling, 1996). In fact, there are many 
documented cases of damage to non-target species, including L. planus herbivory of C. 
pitcheri and several other examples from thistle-weevil systems (Rand and Louda, 2004; 
Louda et al., 2005; Havens et al., 2012). Consequently, it is critical to determine the host 
specificity of potential biocontrol agents prior to their release as well as to understand 
other ecologically relevant factors such as the availability of palatable alternative hosts 
(Arnett and Louda, 2002). At the very least, biocontrol practitioners must consider the 
likely impact of both the agent and its host in natural ecosystems, not just in 
agroecosystems and other commercially valuable habitats (Simberloff and Stiling, 1996). 
Biocontrol is clearly a double-edged sword that can provide a viable option for invasive 
species management but may also cause catastrophic effects throughout ecosystems 
(Louda and Stiling, 2004). As the devastation caused by L. planus to C. pitcheri 
demonstrates, forecasting the outcomes of biocontrol introductions is markedly more 
complicated than the simple idea of reestablishing the specialist enemies of invasive 
species. Direct interactions such as L. planus herbivory of C. pitcheri are challenging enough 
to predict, but indirect interactions like how this herbivory affects the rest of the dune 
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ecosystem are practically impossible to predict. Such is the amazing diversity and 
complexity of ecology. 
 
Spatial Ecology Background 
 As a discipline, ecology is concerned with the interactions between organisms and 
their environment. The diversity and complexity of the natural world necessitate a 
multitude of frameworks through which ecologists can examine their study systems. One of 
the most prevalent framing methods is identifying spatial and temporal patterns and 
investigating the underlying mechanisms that cause them. In essence, ecologists first 
identify where and when a pattern occurs and then investigate how and why it occurs. 
MacArthur and Wilson’s seminal theory of island biogeography (1967) provides an 
excellent illustration of this process. These two eminent ecologists noticed that islands in 
the same region with similar habitats had unequal numbers of species. For instance, Bali 
has vastly fewer bird species than does Java despite being mere miles apart. MacArthur and 
Wilson surmised that the number of species on an island reflects a balance between the 
rate at which new species colonize it and the rate at which established species become 
extinct. Thus, the equilibrium point lies at the intersection between the immigration rate 
and the extinction rate. According to their model, these rates are primarily influenced by an 
island’s size, proximity to the mainland, and duration of isolation. Given two islands of 
equivalent size and different proximities, for example, the distant island will have lower 
immigration rates, higher extinction rates, and a smaller equilibrium value than the close 
island. By similar reasoning with islands of different sizes and equivalent proximities, the 
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large island will have higher immigration rates, lower extinction rates, and a larger 
equilibrium value than the small island.  
Although the original scope of MacArthur and Wilson’s theory was specific to 
islands, it now encompasses any ecosystem that is isolated because it is surrounded by 
unlike ecosystems, such as the lakeshore dunes inhabited by C. pitcheri. Due to the 
expansion of housing developments along the Great Lakes, dune habitats are becoming 
increasingly fragmented. These isolated patches can be thought of as small islands, which 
consequently have lower recruitment rates of C. pitcheri seeds from nearby but 
disconnected populations. The fragmented nature of C. pitcheri populations is a primary 
cause of their perilous conservation status. Therefore, it is critical to study C. pitcheri from 
a spatial ecology perspective to uncover and understand patterns that may lead to their 
preservation. 
Spatial ecology is expressly focused on the fundamental effects of space on both 
individual species and multispecies communities (Tilman and Kareiva, 1997). Although all 
natural systems inherently exist in space, spatial ecologists explicitly investigate the spatial 
processes that influence the structure, dynamics, stability, and diversity of populations and 
communities. As an example of population level spatial ecology, Cronin (2003) analyzed 
the movement of planthoppers (Prokelisia crocea) among and within patches of their host 
plant prairie cordgrass (Spartina pectinata). In order to determine the factors that 
influence planthopper spatial dynamics, he designed a series of experiments to assess the 
effects of patch size, isolation, homogeneity, and conspecific density on planthopper 
immigration, emigration, and redistribution. Spatial ecology studies are even more 
complicated at the community level, as Thaker et al. (2011) demonstrated in their research 
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on how predation risk from multiple predators affects the spatial distribution in habitat use 
of several African ungulates. To deduce the spatial dynamics of this multi-predator-prey 
system, Thaker et al. tracked and counted all the species involved and then modeled how 
the ungulates avoided both predator encounters and risky habitats.  
In addition to contrasting the population and community scales, these case studies 
by Cronin (2003) and Thaker et al. (2011) also exhibit the two main approaches to spatial 
ecology: metapopulation ecology and landscape ecology. A metapopulation is a group of 
spatially separated populations of the same species that interact via migration or some 
other dispersal behavior (Levins, 1969). Hanski (1999) outlined four conditions that define 
a metapopulation: (1) local patches must be able to support discrete breeding populations, 
(2) all patch populations have a high risk of extinction, (3) patches are recolonized 
following an extinction event, and (4) regional extinction is unlikely due to sufficiently 
asynchronous local patch dynamics. The Cronin (2003) case study provides an excellent 
example of a metapopulation because the planthoppers were distributed among patches of 
cordgrass, but could interact via immigration and emigration.  
The second approach to spatial ecology is landscape ecology, which focuses on the 
causes and consequences of spatial heterogeneity (Turner, 2005). The concept of spatial 
heterogeneity is relatively straightforward: natural systems have environmental and 
physical gradients – such as rain shadows and changes in elevation – that cultivate uneven 
species distributions, which in turn produce spatially unique ecological patterns and 
processes. As an approach, landscape ecology is applicable to terrestrial, aquatic, and 
marine systems and has implications for managing both natural and human-dominated 
landscapes. The Thaker et al. (2011) case study nicely illustrates landscape ecology in that 
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the study area was spatially heterogeneous with habitats of varying risk and thus species 
were patchily distributed. Despite the landscape moniker, the scope of landscape ecology is 
not limited to large areas of land or enormous volumes of water. Instead, the landscape 
lens is applicable to natural systems of any size so long as the investigation focuses on how 
spatial heterogeneity drives some ecological pattern or process. As Levin (1992) asserted, 
there is no single correct spatial or temporal scale or organizational level at which to 
describe an ecosystem and its components. Therefore, it is essential for researchers to 
consider broad ranges of scales and levels in order to understand better the mechanisms 
behind ecological phenomena. More precisely, ecologists must contemplate how 
information is transferred across scales; that is, what is lost and what is preserved as a 
system is examined along the gradient from molecule to biome. 
Regardless of scale, monitoring and explaining ecological patterns and processes is 
intrinsically complicated. Spatial ecology necessitates a multiplicity of statistical methods 
(Perry et al., 2006), many of which compare observed species distributions against the null 
hypothesis of complete spatial randomness (CSR). Ripley’s K-function, for example, is a 
very useful spatial analysis that is appropriate for questions about the ecology of plants, 
sessile animals, or stationary constructions such as anthills (Haase, 1995). Depending on 
the outcome of Ripley’s K-function, a spatial distribution is classified as uniform, clumped, 
or random.  
One of the most fundamental caveats of statistical procedures like regression 
analysis is the assumption of independence between observations. This assumption is 
violated, however, when data are spatially autocorrelated (Legendre, 1993). Spatial 
autocorrelation is essentially the property of nearby observations having values that are 
16 
 
more similar (positive autocorrelation) or less similar (negative autocorrelation) than 
expected for randomly associated pairs of observations. Though spatial autocorrelation can 
be problematic, there are many methods for recognizing and managing it such as Moran’s I 
analysis (Legendre, 1993). 
Like other aspects of ecology, spatial patterns and processes are the result of abiotic 
and biotic factors. The former entails nonliving factors such as chemical, physical, seasonal, 
and geographic effects. For example, consider the sand dunes throughout the Great Lakes 
region. Naturally, the dunes along the shorelines of Lake Superior experience substantially 
colder temperatures than those farther south. As a result, the range of C. pitcheri is confined 
to a territory with an adequately long growing season. At a finer scale, a single sand dune 
experiences a gradient in wind disturbance such that the low elevation interdunal trough is 
sheltered and the high elevation secondary dune is exposed. This spatial heterogeneity in 
wind speed creates a patchy distribution of C. pitcheri because they most easily establish in 
sites with moderate disturbance. This idea is similar to the intermediate disturbance 
hypothesis, which suggests that total species diversity will be greatest in communities that 
experience intermediate frequencies and intensities of disturbance (Connell, 1978). This 
pattern is maintained by a combination of competition and disturbance wherein 
competitive species survive when disturbance is low and tolerant species survive when 
disturbance is high. Thus, communities that experience intermediate disturbance have a 
diverse mix of competitive and tolerant species. The intermediate disturbance hypothesis 
likely holds for dune communities and helps to explain dune succession. One of the earliest 
colonizers in succession is beachgrass (Ammophila breviligulata), which is the initial 
colonizer and prime stabilizer of moving sand along the shorelines of the Great Lakes 
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(Curtis, 1959). Because of C. pitcheri’s vulnerability to vegetative succession, it is easily 
outcompeted by beachgrass. Thus, effects of wind and beachgrass combine to produce a 
spatially heterogeneous distribution of C. pitcheri. First, the wind creates favorable 
disturbance conditions for C. pitcheri, and then competition from beachgrass restricts the C. 
pitcheri’s fundamental niche into a smaller realized niche. In this manner, numerous abiotic 
and biotic factors likely interact to determine the spatial ecology of C. pitcheri. 
Although biotic interactions such as competition and herbivory may appear 
straightforward at first glance, careful inspection reveals nuances in regard to spatial 
context. For instance, terrestrial plants and other sessile organisms experience the most 
competition with their neighbors (Tilman, 1994). From an animal’s perspective, optimal 
foraging theory predicts how foragers behave while searching for food (Stephens and 
Krebs, 1986). The basic premise of optimal foraging theory is that the benefits derived 
from finding food should exceed the costs associated with missed opportunities, predation 
risk, and metabolic processes. Because food is typically distributed in patches, both 
herbivores and predators invest a considerable amount of time and energy journeying 
between patches (MacArthur and Pianka, 1966). While foraging, animals must frequently 
distinguish between patches based on their perceptions of safety, resource availability, and 
competition.  
Some of the most intriguing spatial interactions that influence perceived patch 
quality are indirect effects among plant associations. More specifically, associational 
resistance (AR) occurs when a focal plant becomes less vulnerable to herbivory because of 
the traits of neighboring plants, and conversely, associational susceptibility (AS) occurs 
when a focal plant becomes more vulnerable to herbivory because of the traits of 
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neighboring plants (Barbosa et al., 2009). Associational resistance and susceptibility can be 
attributed to numerous factors, many of which are still being investigated. One of the most 
direct mechanisms of AR is the repellent plant hypothesis, which theorizes that a focal 
plant is less vulnerable to herbivory in low quality patches that have physical or chemical 
deterrents (Atsatt and O’Dowd, 1976; Miller et al., 2007). Another mechanism of AR is the 
attractant-decoy hypothesis, which suggests that consumption of a focal plant will be lower 
if it is surrounded by higher quality neighbors that act as alternative food sources (Atsatt 
and O’Dowd, 1976; Miller et al., 2007). These two hypotheses function at different scales of 
herbivore selection, with the repellent plant acting between patches and the attractant-
decoy acting within patches (Miller et al., 2007). A third mechanism is mediated by natural 
enemies wherein the predators of herbivores are attracted by neighboring plant species 
and then spillover onto the focal plant species (Atsatt and O’Dowd, 1976). A fourth type of 
associational effect occurs via the resource concentration hypothesis, which states that 
herbivores are more likely to find and remain on host plants that are growing in dense or 
nearly pure stands (Root, 1973). A more recently discovered type of AR is induced 
resistance triggered by eavesdropping, which refers to the ability of a plant to recognize 
volatile chemical signals produced by other plants when they are damaged (Karban and 
Maron, 2002). Beyond being scientifically fascinating, these hypotheses have important 
implications for agriculture as most crops grow in monocultures, which promote AS since 
herbivores prefer patches with greater abundance of edible plants and eliminate the 
possibility of AR since there are no interspecific associations. 
Associational effects have been observed previously in thistle-weevil systems (Rand 
and Louda, 2004; Russell and Louda, 2005). For instance, Rand and Louda (2004) 
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conducted an experiment where they measured weevil (Rhinocyllus conicus) egg load on a 
native thistle (Cirsium undulatum) in treatments with and without an exotic thistle 
(Carduus nutans), which was the original target of R. conicus biocontrol. They found that the 
presence of C. nutans substantially increased weevil egg load on C. undulatum, which 
dramatically reduced its seed productivity. The underlying mechanism was that more 
weevils were attracted to the patch as the within-patch density of C. nutans increased. 
Thus, this is an example of associational susceptibility for a native thistle mediated by two 
nonnative species. In contrast, Russell and Louda (2005) observed associational resistance 
in a very similar system. Using over a decade of data, they evaluated four factors that may 
have affected R. conicus damage of C. undulatum: climate, weevil abundance, phenological 
synchrony, and the number of flower heads available on either C. undulatum or another 
native species of thistle (Cirsium canescens). They noted that weevil egg load on C. 
undulatum decreased as the number of C. canescens flower heads increased; therefore, C. 
canescens conferred resistance onto C. undulatum. Here the mechanism was that C. 
canescens flowered earlier than did C. undulatum, but at the same time as R. conicus 
reproduced. In this manner, C. canescens was a more synchronous host plant for the weevil. 
 
Research Objectives 
 Based on our understanding of spatial ecology and thistle-weevil systems, we hope 
to determine the abiotic and biotic factors that influence L. planus distribution and damage 
of C. pitcheri. In the dune ecosystem, principal abiotic factors include temperature, light 
availability, elevation, moisture, and wind speed and direction. There are also numerous 
biotic factors, but some of the most important for the thistle-weevil system include effects 
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of neighboring vegetation, L. planus intraspecific competition for host C. pitcheri, and C. 
pitcheri reproductive strategies. In the summer of 2013, we conducted an observational 
study to determine whether there was spatial variation in L. planus damage of C. pitcheri at 
Whitefish Dunes State Park (WDSP) in Door County, WI. We discovered that L. planus 
caused significantly less damage to C. pitcheri that grew at high elevations on the sand 
dunes compared to those at low elevations (A. S. Hakes, unpublished data). These two 
regions differ in two important ways: the distinct elevational gradient and the type and 
amount of neighboring vegetation. Low elevation patches are characterized by dense 
beachgrass, whereas high elevation patches have more diverse, but less dense, vegetation. 
We hypothesize that both elevation and vegetation affect the dispersal of L. planus through 
spatial ecology mechanisms. First, the disparity in elevation influences its ability to locate 
and travel to C. pitcheri. Larinus planus are weak flyers and generally move by walking 
along vegetation, but there are few vegetation bridges connecting C. pitcheri growing at low 
elevation to those at high elevation. Thus, C. pitcheri located higher on the sand dunes may 
be better buffered against herbivory. Second, the differences in type and amount of 
surrounding vegetation affect the preference of L. planus for resource patches. As a thistle 
specialist, L. planus only feeds on C. pitcheri at WDSP and likely prefers patches with 
greater C. pitcheri abundance according to optimal foraging theory. Additionally due to the 
locomotive behavior of L. planus, C. pitcheri are easier to access when they are surrounded 
by denser patches of vegetation. In this manner, other plants may confer associational 
susceptibility onto C. pitcheri. Thus, C. pitcheri growing lower on the sand dunes are more 
vulnerable to herbivory. 
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To separate the effects of these coexisting differences in abiotic and biotic 
conditions and to determine the underlying ecological mechanisms, we designed an in situ 
experiment to evaluate the influences of elevation and neighboring plants on L. planus 
distribution and damage of C. pitcheri. We devised three treatments to isolate these effects: 
(1) low clipped – C. pitcheri in low elevation patches without vegetation, (2) low grass – C. 
pitcheri in low elevation patches surrounded by vegetation, and (3) high grass – C. pitcheri 
in high elevation patches surrounded by vegetation. Hence, we will compare the low 
clipped and low grass treatments to determine the influence of neighboring plants, and the 
low grass and high grass treatments to determine the influence of elevation. For this study, 
we have two motivating research questions: (1) Does L. planus distribution or damage 
differ among treatments, and if so, what factors drive those differences? (2) How do aspects 
of spatial ecology influence L. planus distribution and damage? Following the first question, 
if L. planus distribution or damage differs between treatments, then those differences may 
indicate what factors are most influential. For instance, if C. pitcheri in the low clipped 
treatment experience significantly less damage than C. pitcheri in the low grass treatment, 
then surrounding vegetation density plays an important role. Similarly, if C. pitcheri in the 
low grass treatment experience significantly more damage than C. pitcheri in the high grass 
treatment, then elevational buffering plays an important role. The second question serves 
as a guide for our investigation of the underlying spatial mechanisms. For example, if the C. 
pitcheri population exhibits spatial heterogeneity, then this supports the notion that we 
must consider spatial effects in order to understand L. planus distribution and damage. 
From a basic ecology perspective, our research seeks to contribute to the broader 
body of knowledge about plant-insect interactions and spatial ecology. Since C. pitcheri and 
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L. planus belong to two of the most species rich and widespread families, Asteraceae and 
Curculionidae respectively, our work may have far-reaching implications for numerous 
other organisms. This research is also important from an applied ecology standpoint 
because of the threatened status of C. pitcheri and the fact that L. planus is a rogue 
biocontrol agent. We hope that our findings will help to inform conservation management 
of the beautiful, but vulnerable, C. pitcheri as well as contribute to the discussion of the 
importance of species. Finally, our evidence of the damage caused by L. planus should 
reinforce the conviction that extreme care must be taken when manipulating nature. 
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Methods 
Study Site 
Whitefish Dunes State Park (WDSP) along the Lake Michigan shoreline has an 
extensive tract of sand dunes that supports one of the largest Cirsium pitcheri populations 
in Wisconsin. Along with C. pitcheri populations on privately owned lands throughout Door 
County, the WDSP population represents an important source of genetic variability for the 
threatened species (Fant et al., 2013). The complex dune structure at WDSP is composed of 
a small primary dune, a broad interdunal trough, and a large secondary dune. In addition, 
there is a distinct successional gradient beginning at the shoreline and extending over the 
dunes into the forests beyond. The primary dune is nearest to the lakeshore and is 
inhabited almost exclusively by beachgrass (Ammophila breviligulata) because it tolerates 
constant disturbance and is the initial colonizer of bare sand. Beachgrass is also abundant 
in the interdunal trough, which is at a slightly lower elevation than the primary dune and 
behind it relative to the lakeshore. Cirsium pitcheri is common in the interdunal trough with 
field sagewort (Artemisia campestris ssp. caudata) and thickspike wheatgrass (Elymus 
lanceolatus ssp. psammophilus), another threatened species, also present. Beyond the 
interdunal trough, the secondary dune slopes steeply upward, with the peak at an elevation 
of around 12 m above the trough. The slopes and wind-created blowouts harbor the fewest 
plant species because the sandy substrate is extremely unstable, although deeply rooted C. 
pitcheri often maintain firm holds. In contrast, the peak of the secondary dune experiences 
much less disturbance and exhibits the greatest plant diversity with C. pitcheri alongside 
several perennial forbs and prostrate shrubs. These transition species lead into a late 
successional mixed broadleaf-coniferous forest that characterizes Door County. 
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Experimental Design  
In the summer of 2013, we conducted an observational study at WDSP on the sand 
dunes located southwest of the path leading to the third beach access (44°55’ N, 87°11’ W). 
The purpose of this study was to determine whether there was spatial variation in Larinus 
planus damage of C. pitcheri and to investigate any associational effects of neighboring 
plants. In this study, we assessed the presence or absence (henceforth referred to as 
occurrence) of L. planus on 280 individual C. pitcheri growing in a 360 m2 area of the dunes. 
Subsequent modeling demonstrated that occurrence of L. planus was best explained by 
elevation and distance to neighboring beachgrass (A. S. Hakes, unpublished data). 
Specifically, L. planus were more likely to be present on C. pitcheri that were closer to 
beachgrass and at lower elevations. Because beachgrass is very abundant at low elevations, 
these conditions coexist and could be confounding variables. Consequently, we designed an 
experiment to isolate the effects of elevation and neighboring plants on L. planus 
distribution and its damage of C. pitcheri.  
During the summer of 2014, we returned to the third beach access site to perform 
this in situ experiment. We chose a continuous section of dunes where the C. pitcheri grew 
at different elevations, were surrounded by vegetation, and experienced considerable 
damage from L. planus. From the larger population, we selected 99 reproductive C. pitcheri 
(Fig. 4) and divided them among three treatments: low clipped (n = 32), low grass (n = 34), 
and high grass (n = 33). Cirsium pitcheri in the low clipped and low grass treatments grew 
in the interdunal trough at low elevations, while C. pitcheri in the high grass treatment 
grew on the peak of the secondary dune at high elevations. The surrounding vegetation in 
both the low grass and high grass treatments was unaltered, whereas all of the vegetation 
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(aside from federally protected species) within a 1 m radius of the focal C. pitcheri in the 
low clipped treatment was trimmed to the level of the sand. We performed this clipping 
manipulation biweekly in early June before L. planus began ovipositing and repeated it 
throughout the summer to ensure that effects of surrounding vegetation were reduced. 
Low clipped and low grass treatments were established near each other in areas of high 
beachgrass density to eliminate the potentially cofounding effects of spatial separation. 
Every C. pitcheri survived for the duration of the experiment except for one individual in 
the low grass treatment that died sometime in July. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Locations of the 99 experimental Cirsium pitcheri plants along the third beach access at 
Whitefish Dunes State Park, WI (44°55’ N, 87°11’ W). Plants were divided among three treatments: 
low elevation without vegetation (low clipped, red, n = 32), low elevation surrounded by vegetation 
(low grass, green, n = 34), and high elevation surrounded by vegetation (high grass, blue, n = 33). 
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Abiotic Environmental and Habitat Condition Measurements 
To assess how the treatments differed from one another, we measured several 
abiotic environmental and habitat conditions for every experimental C. pitcheri. It was 
important to evaluate these differences to ensure that our treatments were designed 
properly and because these conditions may influence L. planus dispersal. In June, we 
determined the geographic location and elevation of each C. pitcheri using a Trimble GPS 
and then mapped these data in ArcMap (ESRI, 2009). Latitude and longitude were later 
converted to eastings and northings for UTM coordinates. In addition to elevation, the 
other primary factor that we strove to isolate was the effect of neighboring plants, which is 
related to surrounding plant density. To measure plant density, we counted the total 
number of beachgrass, thickspike wheatgrass, non-focal C. pitcheri, field sagewort, and 
other plants within a 0.3 m radius around each focal C. pitcheri. Besides evaluating plant 
densities, the effects of neighboring plants can also be assessed by examining the amount of 
bare ground surrounding each C. pitcheri since more sand indicates fewer neighbors. After 
setting up the treatments, we photographed all 99 experimental C. pitcheri sites with the 
camera positioned 1 m above the focal C. pitcheri so that the scales of the pictures would be 
identical. We then determined the percent bare ground surrounding each C. pitcheri by 
overlaying the images with a      grid (0.7 m2) in the program ImageJ (Rasband, 2014) 
and counting the number of squares that had a majority of their area covered by sand. On 
August 13, 2014, we measured relative humidity, maximum wind speed, average wind 
speed, and air temperature over 30 seconds using a Kestrel Weather Meter held beside the 
terminal flower heads of every C. pitcheri. In addition, we also took three soil temperature 
readings from the sand surrounding each C. pitcheri, which were subsequently averaged. 
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Weevil Distribution and Damage Assessments 
The purpose of creating the three treatments was to determine what factors 
influence L. planus distribution and its damage of C. pitcheri. In addition to differences 
among treatments and spatial effects, there may also be temporal changes as L. planus 
completes its life cycle. Thus, we collected data about L. planus distribution and damage 
during early season (June 2014) and late season (August 2014) assessments. Firstly, early 
season distribution was assessed as both the occurrence and number of L. planus found 
externally on C. pitcheri. Secondly, early season damage was assessed as both the 
occurrence and number of oviposition holes on C. pitcheri flower heads. Thirdly, late season 
distribution was assessed as both the occurrence and number of L. planus found inside C. 
pitcheri flower heads. Fourthly, late season damage was assessed as the proportion of five 
C. pitcheri flower heads (or fewer if an individual C. pitcheri did not have that many) that 
exhibited internal damage such as frass (insect excreta) or external damage such as glued 
pappus. Finally, late season seed viability was assessed as the proportion of five C. pitcheri 
flower heads (or fewer if an individual C. pitcheri did not have that many) that had viable 
seeds, which were characterized by firm seed coats. 
 
Statistical and Spatial Analyses 
With the three C. pitcheri treatments as the categorical independent variable, the 
continuous dependent variables included early and late season number of L. planus, late 
season damage, late season seed viability, and all abiotic environmental and habitat 
conditions. We analyzed the distributions of each of these variables using Shapiro-Wilk 
tests and Levene’s tests to assess normality and homoscedasticity respectively. Data that 
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met both assumptions were analyzed using one-way ANOVAs and post hoc Tukey’s HSD 
tests (i.e., relative humidity, maximum wind speed, air temperature, percent bare ground, 
late season number of L. planus, and late season seed viability). Data that met the 
assumption of normality but not homoscedasticity were analyzed using Welch’s F tests (i.e., 
average wind speed and average soil temperature). A square root transformation was used 
to improve the normality of average soil temperature data. Finally, data that did not meet 
the assumption of normality were analyzed with Kruskal-Wallis tests and post hoc Mann-
Whitney U tests (i.e., total plant density, elevation, early season number of L. planus, and 
late season damage). In addition, the categorical dependent variable early season damage 
was analyzed using a chi-square test of independence. To assess similarities in abiotic 
environmental conditions among treatments, we conducted a principal component analysis 
(PCA). We performed all of these statistical analyses in PAST (Hammer et al., 2001). For all 
analyses that yield P values, we used an alpha value of 0.05. 
After combining the three C. pitcheri treatments, we modeled early season 
occurrence of L. planus, early and late season damage of C. pitcheri, and late season seed 
viability using R (R Core Team, 2013). Late season occurrence of L. planus was not modeled 
because they were present in nearly every C. pitcheri in August. Best-fit models were 
determined by selecting potential explanatory variables a priori and then running a 
stepwise function in both directions. Multivariate logistic regression models were used for 
early season occurrence of L. planus and early season damage because these are categorical 
response variables. Conversely, multivariate linear regression models were used for late 
season damage and late season seed viability because these are continuous response 
variables. 
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To classify the spatial distribution of the entire C. pitcheri population as either 
uniform, clumped, or random, we conducted a spatial point pattern analysis using Ripley’s 
K-function with a weighted-edge correction method. We performed this analysis using the 
UTM coordinates of every C. pitcheri and a matrix of distances between all possible pairs of 
C. pitcheri. The degree of aggregation was quantified at multiple spatial scales with radii 
ranging from 1 29 m in 1 m intervals. Additionally, we conducted Moran’s I analyses on 
late season damage and late season seed viability to assess whether these variables were 
spatially autocorrelated. For this analysis, we used the same distance matrix, but set 
distance classes at 10 m intervals. We performed these spatial analyses in PASSaGE 
(Rosenberg and Anderson, 2011). Finally to assist qualitative description, the experimental 
C. pitcheri population was divided at the 4974250 m northing into a northern cluster and 
southern cluster. 
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Results 
The purpose of our experiment was to determine whether L. planus distribution or 
damage differed among treatments, and if so, what factors drove those differences. Thus, 
we measured abiotic environmental conditions, habitat conditions, early season L. planus 
distribution and damage, and late season L. planus distribution and damage for each 
treatment. We also investigated how aspects of spatial ecology influence L. planus 
distribution and damage across the experimental C. pitcheri population. Accordingly, we 
conducted analyses to assess the spatial distribution of the C. pitcheri population as well as 
the spatial autocorrelation of late season damage and seed viability. In addition, we 
modeled the influence of abiotic and biotic factors on L. planus distribution and damage 
during both seasons.  
 
Abiotic Environmental and Habitat Conditions 
In accordance with our experimental design, differences in elevation distinguished 
Cirsium pitcheri in the high grass treatment from those in the two low treatments (Fig. 5). 
The high grass treatment had elevations of 186.0 ± 1.1 m (median ± semi-IQR), which were 
greater than the low clipped and low grass treatment elevations of 178.5 ± 0.6 m and 178.5 
± 0.5 m respectively. As expected based on their locations, C. pitcheri in the high grass 
treatment had significantly higher elevations than those in the low treatments, but C. 
pitcheri in the low treatments were not significantly different from each other in terms of 
elevation (H = 65.36, P < 0.001; low clipped vs. low grass: U = 527, P = 0.832; low clipped 
vs. high grass: U = 0, P < 0.001; low grass vs. high grass: U = 0, P < 0.001). 
 
31 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Differences in elevation among the three Cirsium pitcheri treatments. 
The letters above each box denote which treatments were significantly different 
from each other according to Mann-Whitney pairwise comparisons. Whiskers 
encompass data within         beyond the lower and upper quartiles, with 
outlying data outside this interval. 
 
Figure 6. Differences in mean bare ground among the three Cirsium pitcheri 
treatments. Bare ground was measured as the percent covered by sand of the      
0.7 m2 area surrounding each focal C. pitcheri. The letters above each bar denote 
which treatments were significantly different from each other according to Tukey 
pairwise comparisons. Error bars indicate ±1 standard error from the mean. 
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Due to our experimental manipulations, C. pitcheri in the low clipped treatment had 
substantially more bare ground surrounding them than those in the low grass and high 
grass treatments (Fig. 6). The mean percent bare ground of the low clipped treatment was 
62.8 ± 3.5% (mean ± SE), whereas the low grass and high grass treatments exhibited 
similar means of 21.6 ± 2.6% and 31.3 ± 3.6% respectively. Thus, C. pitcheri in the low 
clipped treatment had significantly more bare ground than those in the low grass and high 
grass treatments, but C. pitcheri in the latter two did not differ significantly from each other 
(F2,96 = 44.11, P < 0.001; low clipped vs. low grass: Q = 12.77, P < 0.001; low clipped vs. high 
grass: Q = 9.74, P < 0.001; low grass vs. high grass: Q = 3.03, P = 0.087). 
There were considerable differences in individual plant types and densities 
surrounding the three C. pitcheri treatments (Fig. 7a). Cirsium pitcheri in the low clipped 
treatment had fewer neighboring plant types compared to C. pitcheri in the low grass and 
high grass treatments. Beachgrass was absent from the low clipped treatment, but had the 
highest density among plant types in both the low grass and high grass treatments, 
followed by non-focal C. pitcheri and wheatgrass. Similarly, C. pitcheri in the low clipped 
treatment had lower total plant densities than those in the low grass and high grass 
treatments (Fig. 7b). As a result of plant removal, C. pitcheri in the low clipped treatment 
had total densities of 2 ± 1 plants/0.28 m2 (median ± semi-IQR), while those in the low 
grass and high grass treatments had total densities of 18.5 ± 6.8 plants/0.28 m2 and 19 ± 
4.5 plants/0.28 m2 respectively. Thus, C. pitcheri in the low clipped treatment had 
significantly lower total plant densities than those in the grass treatments, but C. pitcheri in 
the grass treatments were not significantly different from each other (H = 62.95, P < 0.001;  
 low clipped vs. low grass: U = 5, P < 0.001; low clipped vs. high grass: U = 6.5, P < 0.001; low 
grass vs. high grass: U = 550, P = 0.895). 
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Figure 7. Differences in (a) individual plant types and densities and (b) total plant density 
surrounding the three Cirsium pitcheri treatments. Plant densities were measured as the total 
number of beachgrass (Ammophila breviligulata), thickspike wheatgrass (Elymus lanceolatus ssp. 
psammophilus), Pitcher’s thistle (C. pitcheri), field sagewort (Artemisia campestris ssp. caudata), and 
other plants found within a 0.3 m radius around each focal C. pitcheri. The letters above each box 
denote which treatments were significantly different from each other according to Mann-Whitney 
pairwise comparisons. Whiskers encompass data within         beyond the lower and upper 
quartiles, with outlying data outside this interval. 
 
(a) 
(b) 
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 Based on a principal component analysis (PCA) of the abiotic environmental 
conditions, the high grass treatment was markedly different from the low clipped and low 
grass treatments, which were similar to each other (Fig. 8). In this PCA, component 1 
explained 60.1% of the variability in the abiotic environmental conditions, while 
component 2 explained 24.6% of the variability. The loading scores or coefficients in each 
component can be used to deduce why each thistle is plotted where it is. For component 1, 
the chief loadings were average wind speed, maximum wind speed, and air temperature 
with scores of 0.51, 0.49, and -0.51 respectively. Relative humidity was also relatively 
important with a score of 0.43 and average soil temperature was least influential with a 
score of 0.23. This means that thistle sites with higher wind speeds, higher relative 
humidities, and lower air temperatures will be plotted farther to the right along the x-axis. 
Conversely, thistle sites with lower wind speeds, lower relative humidities, and higher air 
temperatures will be plotted farther to the left. As displayed, C. pitcheri from the high grass 
treatment are plotted to the right and those from the other treatments are plotted to the 
left, which indicates that there are differences among them in terms of wind speed, relative 
humidity, and air temperature. The same breakdown can be done for component 2, whose 
chief loading was average soil temperature with a score of 0.75. The other variables had 
similarly influential scores of relative humidity at 0.34, maximum wind speed at -0.43, and 
average wind speed at -0.35. Air temperature was not very important with a loading score 
of -0.13. This means that thistle sites with higher soil temperatures, higher relative 
humidities, and lower wind speeds will be plotted superior on the y-axis. Conversely, 
thistle sites with lower soil temperatures, lower relative humidities, and higher wind 
speeds would be plotted inferior. The PCA presents an equal vertical spread among the 
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treatments, indicating that the antagonistic effects of soil temperature and wind speed 
prevented the treatments from being separated from one another.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Differences in abiotic environmental and habitat conditions distinguished the three 
C. pitcheri treatments from one another (Table 1). For all abiotic environmental conditions, 
the high grass treatment was significantly different from the low grass and low clipped 
treatments, but the low grass and low clipped treatments were not significantly different 
from each other. More specifically, C. pitcheri in the high grass treatment experienced 
significantly higher relative humidities, lower air temperatures, higher average soil 
temperatures, and higher maximum and average wind speeds than did C. pitcheri in the low 
clipped and low grass treatments. In accordance with our experimental design, the three 
 
Figure 8. Principal component analysis organizing the 99 experimental Cirsium pitcheri plants based 
on functions of their abiotic environmental conditions: relative humidity (%), maximum wind speed 
(m/s), average wind speed (m/s), air temperature (°C), and average soil temperature (°C). Ellipses 
encompass the 95% confidence intervals for the low clipped (red, n = 32), low grass (green, n = 34), 
and high grass (blue, n = 33) treatments. Axes labels indicate the percentage that each component 
accounts for the variability in the data. 
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treatments displayed significant differences in the habitat conditions of elevation, bare 
ground, and total plant density.  
Table 1. Differences in abiotic environmental and habitat conditions among the three Cirsium pitcheri 
treatments (mean ± SE, except where noted). One-way ANOVAs were used to assess the differences in 
means among treatments for most conditions; exceptions are noted when conditions were analyzed 
with Kruskal-Wallis tests and Welch’s F tests. 
Conditions Low Clipped Low Grass High Grass F2,96 P 
Abiotic Environmental 
     
    Relative humidity (%) 57.1 ± 0.7 57.4 ± 0.9 66.1 ± 0.8 40.29 < 0.001 
    Maximum wind speed (m/s) 4.4 ± 0.4 4.2 ± 0.3 6.0 ± 0.5 7.20 0.001 
    Average wind speed (m/s) 2.7 ± 0.2 2.6 ± 0.2 4.2 ± 0.4 7.34ϕ 0.001 
    Air temperature (°C) 24.5 ± 0.3 24.1 ± 0.4 22.2 ± 0.3 12.38 < 0.001 
    Average soil temperature (°C)† 32.0 ± 0.8 31.0 ± 0.8 34.4 ± 0.5 7.10ϕ 0.002 
Habitat 
     
    Elevation (m)Γ 178.5 ± 0.6 178.5 ± 0.5 186.0 ± 1.1 65.36Ψ < 0.001 
    Bare ground (%) 62.8 ± 3.5 21.6 ± 2.6 31.3 ± 3.6 44.11 < 0.001 
    Total plant density (No./0.28 m2) Γ 2 ± 1 18.5 ± 6.8 19 ± 4.5 62.95 Ψ < 0.001 
ϕ F-statistic from Welch's F test 
 
  
  † Back-transformed mean ± SE is reported for each treatment 
  Γ Median ± semi-IQR is reported for each treatment 
   Ψ H-statistic from Kruskal-Wallis test 
     
Spatial Patterns of the Thistle Population 
We performed a spatial point pattern analysis using Ripley’s K-function to 
determine whether the C. pitcheri population had a clumped, uniform, or random 
distribution. Based on this analysis, C. pitcheri exhibited a clumped distribution for every 
radius t at 1 m intervals where          (Fig. 9; only          graphed). 
When     m, the derived sample statistic      falls within the 95% confidence envelope 
for complete spatial randomness and thus the C. pitcheri population exhibited a random 
distribution at this radius. When         , then      is beneath the 95% confidence 
envelope, indicating a clumped distribution for all other radii. 
37 
 
 
 
 
 
 
 
 
 
 
 
 
We performed spatial autocorrelation analyses using Moran’s I to determine 
whether late season damage and seed viability were correlated in space. Based on this 
analysis, late season damage of the C. pitcheri population exhibited significant 
autocorrelation for the first distance class at 5 m, but was not autocorrelated for any 
distance class at 10 m intervals thereafter (Fig. 10). At the first distance class, late season 
damage was positively autocorrelated with a value of 0.18 ± 0.14 (I ± 2 SD). However, this 
is relatively small compared to the maximum Moran’s I value of 1 and is thus weak. At the 
successive distance classes up to 95 m, Moran’s I values ranged from -0.07 to 0.15, with 
none of these values exhibiting significant autocorrelation. Furthermore, late season seed 
viability of the C. pitcheri population was not autocorrelated for any distance class at 10 m 
intervals (Fig. 11). For distance classes from 5 m to 95 m, Moran’s I values ranged from -
0.12 to 0.06, with none of these values exhibiting significant autocorrelation. To 
 
Figure 9. Spatial point pattern analysis of the distribution of the experimental Cirsium pitcheri 
population using Ripley’s K-function with an edge overlap correction method. The function K(t) 
was calculated for each radius t in 1 m intervals and the derived sample statistic L(t) is plotted 
as a function of t (solid line). Negative values of L(t) indicate a clumped distribution. The blue 
dotted lines indicate the 95% confidence envelope for complete spatial randomness. 
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summarize, although the C. pitcheri themselves are significantly clumped in space, their 
levels of late season damage and seed viability are not. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Spatial autocorrelation correlogram of late season damage of the experimental Cirsium pitcheri 
population using Moran’s I analysis. Damage was assessed as the proportion of flower heads with internal 
and external damage observed in August 2014. Moran’s I values were calculated for distance classes at 10 m 
intervals. The filled red circle denotes significant spatial autocorrelation, while the open black circles denote 
no spatial autocorrelation. The 95% confidence intervals represent ±1.96 standard errors from the Moran’s 
I value. The blue dotted line indicates the null hypothesis of no spatial autocorrelation. 
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Figure 11. Spatial autocorrelation correlogram of late season seed viability of the experimental Cirsium 
pitcheri population using Moran’s I analysis. Seed viability was assessed as the proportion of flower heads 
with viable seeds observed in August 2014. Moran’s I values were calculated for distance classes at 10 m 
intervals. The open black circles denote no spatial autocorrelation. The 95% confidence intervals represent 
±1.96 standard errors from the Moran’s I value. The blue dotted line indicates the null hypothesis of no 
spatial autocorrelation. 
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Early Season Weevil Distribution and Damage 
During the early season assessment, C. pitcheri in the low grass treatment had 
higher numbers of L. planus than C. pitcheri in the low clipped and high grass treatments 
(Fig. 12). The low grass treatment had 0 ± 1 L. planus per C. pitcheri (median ± semi-IQR), 
which was a slightly greater distribution than the low clipped and high grass treatment 
numbers of 0 ± 0.13 L. planus per C. pitcheri and 0 ± 0 L. planus per C. pitcheri respectively. 
Accordingly, the low grass treatment had significantly higher numbers of L. planus per C. 
pitcheri than the low clipped and high grass treatments, but the latter two did not differ 
significantly from each other (H = 5.602, P = 0.014; low clipped vs. low grass: U = 402, P = 
0.034; low clipped vs. high grass: U = 492, P = 0.522; low grass vs. high grass: U = 387, P = 
0.009). 
In the early season, C. pitcheri in the low grass treatment had considerably more L. 
planus damage than those in the low clipped and high grass treatments (Fig. 13). 
Specifically, 44% of the C. pitcheri in the low grass treatment had oviposition holes on their 
flower heads, compared to 15% of the high grass treatment and 9% of the low clipped 
treatment. The three treatments had significantly different proportions of C. pitcheri 
observed with and without oviposition holes (χ2 = 12.97, df = 2, P = 0.002). The greatest 
number of oviposition holes recorded on a single plant was four from a low grass treatment 
thistle, but both low clipped and high grass treatments each had a thistle with three 
oviposition holes. 
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Figure 12. Early season differences in the number of Larinus planus found 
externally on Cirsium pitcheri among the three treatments. Early season number 
of L. planus was counted in June 2014. The letters above each box denote which 
treatments were significantly different from each other according to Mann-
Whitney pairwise comparisons. Whiskers encompass data within         
beyond the lower and upper quartiles, with outlying data outside this interval. 
 
Figure 13. Early season differences in damage among the three Cirsium 
pitcheri treatments. Early season damage was assessed as the proportion of C. 
pitcheri with oviposition holes observed on their flower heads in June 2014. 
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 At a broader scale of distribution, L. planus were present on 30 of 99 C. pitcheri 
during the early season (Fig. 14a). Of these, 22 C. pitcheri were in the northern cluster and 
the remaining 8 were in the southern cluster. In addition, the northern cluster appeared to 
have slightly higher numbers of L. planus per C. pitcheri than the southern cluster at this 
time (Fig. 14b). Overall, the number of L. planus per C. pitcheri ranged from 0 to 4. Results 
of the multivariate logistic regression model (n = 99 C. pitcheri) suggest that early season 
occurrence (presence or absence) of L. planus on C. pitcheri was best explained by 
combining the effects of neighboring beachgrass density, neighboring C. pitcheri density, 
and average soil temperature (Table 2). Early season L. planus occurrence was positively 
correlated with neighboring beachgrass density but negatively correlated with neighboring 
C. pitcheri density and average soil temperature; none of these components was 
statistically significant. 
As for early season damage, oviposition holes were present on 23 of 99 C. pitcheri 
(Fig. 15a). As a result of L. planus distribution, damage was more concentrated in the 
northern cluster with oviposition holes on 17 C. pitcheri compared to only 6 in the southern 
cluster. Similarly, there were more oviposition holes per C. pitcheri in the northern cluster 
than in the southern cluster (Fig. 15b). Across the experimental population, the number of 
oviposition holes per C. pitcheri ranged from 0 to 4. Based on the multivariate logistic 
regression model, early season damage of C. pitcheri, defined as the occurrence of 
oviposition holes, was best explained by combining the effects of elevation, neighboring 
total plant density, and number of L. planus in June (Table 2). Early season damage was 
negatively correlated with elevation but positively correlated with neighboring total plant 
density (P < 0.001) and number of L. planus in June (P = 0.001). 
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Figure 14. Early season distribution of Larinus planus in the experimental Cirsium pitcheri population. 
The (a) occurrence and (b) number of L. planus were measured in June 2014 at Whitefish Dunes State 
Park, WI. Each dot represents the location of an individual C. pitcheri plant with coordinates for 
eastings and northings given in meters in UTM zone 16N. 
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Figure 15. Early season damage by Larinus planus on the experimental Cirsium pitcheri population. 
The (a) occurrence and (b) number of oviposition holes were measured in June 2014 at Whitefish 
Dunes State Park, WI. Each dot represents the location of an individual C. pitcheri plant with 
coordinates for eastings and northings given in meters in UTM zone 16N. 
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Table 2. Results of best-fit models for early season occurrence of Larinus planus, early and late 
season damage of Cirsium pitcheri, and late season seed viability of C. pitcheri. Early season damage 
was assessed as the occurrence of oviposition holes on flower heads, while late season damage was 
assessed as the proportion of flower heads with internal or external damage. Late season seed 
viability was assessed as the proportion of flower heads with viable seeds. Early season and late 
season data were collected in June 2014 and August 2014 respectively. Multivariate logistic 
regression models were used for early season variables (n = 99 C. pitcheri), whereas multivariate 
linear regression models were used for late season variables (n = 98 C. pitcheri). Model components 
and their associated P values are displayed. Akaike Information Criteria (AICs) indicate relative 
model quality, while multiple R2 values and overall P values indicate absolute model quality. 
  Early Season Variables Late Season Variables 
Components Occurrence Damage Damage Seed Viability 
Elevation 
 
0.086 
  Neighboring beachgrass density 0.051 
  
0.059 
Neighboring C. pitcheri density 0.082 
   Neighboring total plant density 
 
< 0.001 
  Relative humidity 
   
0.018 
Average wind speed 
  
0.096 
 Air temperature 
   
0.008 
Average soil temperature 0.114 
   Number of mature flower heads 
  
< 0.001 0.031 
Number of immature flower heads 
  
0.002 
 Proportion of flower heads with damage 
   
< 0.001 
Number of L. planus in June 
 
0.001 
  Number of L. planus in August     < 0.001 0.026 
AIC 116.5 80.7 -393.0 -307.5 
Multiple R2 NA NA 0.85 0.58 
Overall P NA NA < 0.001 < 0.001 
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Late Season Weevil Distribution and Damage 
The  late season assessment revealed that C. pitcheri in the low grass treatment had 
higher numbers of L. planus than C. pitcheri in the low clipped and high grass treatments 
(Fig. 16). The low grass treatment had a mean number of 3.6 ± 0.2 L. planus per C. pitcheri 
(mean ± SE), which was greater than the low clipped and high grass treatment mean 
numbers of 2.6 ± 0.3 L. planus per C. pitcheri and 1.9 ± 0.2 L. planus per C. pitcheri 
respectively. Once again, the low grass treatment had significantly higher numbers of L. 
planus per C. pitcheri than the low clipped and high grass treatments, but the latter two did 
not differ significantly from each other (F2,95 = 13.69, P < 0.001; low clipped vs. low grass: Q 
= 4.42, P = 0.007; low clipped vs. high grass: Q = 2.89, P = 0.107; low grass vs. high grass: Q 
= 7.31, P < 0.001). 
In the late season, C. pitcheri in the low grass treatment had substantially more L. 
planus damage than those in the low clipped and high grass treatments (Fig. 17). In fact, the 
proportions of flower heads with damage were 0.8 ± 0.18 (median ± semi-IQR) for the low 
grass treatment, 0.45 ± 0.2 for the low clipped treatment, and 0.4 ± 0.22 for the high grass 
treatment. Correspondingly, C. pitcheri in low grass treatment experienced significantly 
more late season damage than those in the low clipped and high grass treatments, but the 
latter two were not significantly different from each other (H = 21.0, P < 0.001; low clipped 
vs. low grass: U = 305, P = 0.003; low clipped vs. high grass: U = 401, P = 0.092; low grass vs. 
high grass: U = 198, P < 0.001). 
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Figure 16. Late season differences in the mean number of Larinus planus found 
inside Cirsium pitcheri flower heads among the three treatments. Late season 
number of L. planus was counted in August 2014. The letters above each bar denote 
which treatments were significantly different from each other according to Tukey 
pairwise comparisons. Error bars indicate ±1 standard error from the mean. 
0
1
2
3
4
Low Clipped Low Grass High Grass
N
u
m
b
e
r 
o
f 
L
. p
la
n
u
s 
p
e
r 
C
. p
it
ch
e
ri
Treatment
a 
b 
a 
 
Figure 17. Late season differences in damage among the three Cirsium pitcheri 
treatments. Late season damage was assessed as the proportion of flower heads 
with internal or external damage observed in August 2014. The letters above 
each box denote which treatments were significantly different from each other 
according to Mann-Whitney pairwise comparisons. Whiskers encompass data 
within         beyond the lower and upper quartiles. 
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Partially due to late season damage, C. pitcheri in the low grass treatment had lower 
seed viability than those in the low clipped and high grass treatments (Fig. 18). More 
specifically, the mean proportions of flower heads with viable seeds were 0.47 ± 0.05 
(mean ± SE) for the low grass treatment, 0.60 ± 0.05 for the low clipped treatment, and 
0.68 ± 0.05 for the high grass treatment. Thus, C. pitcheri in the low grass treatment had 
significantly lower seed viability than those in the high grass treatment, but neither was 
significantly different from the low clipped treatment (F2,95 = 4.73, P = 0.011; low clipped 
vs. low grass: Q = 2.60, P = 0.164; low clipped vs. high grass: Q = 1.70, P = 0.454; low grass 
vs. high grass: Q = 4.30, P = 0.009). 
 
 
 
 
 
 
 
 
 
 
 
 
In contrast to the concentrated early season patterns of L. planus occurrence, the 
late season distribution is widespread (Fig. 19a). Larinus planus were present on 89 of 98 C. 
 
Figure 18. Late season differences in the mean proportion of flower heads with 
viable seeds among the three Cirsium pitcheri treatments. Late season seed 
viability was assessed in August 2014. The letters above each bar denote which 
treatments were significantly different from each other according to Tukey 
pairwise comparisons. Error bars indicate ±1 standard error from the mean. 
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pitcheri with most of the absences in the southern cluster. Additionally,  the northern 
cluster appears to have higher numbers of L. planus per C. pitcheri than the southern 
cluster during the late season (Fig. 19b). The number of L. planus per C. pitcheri ranged 
from 0 to 5 at this time. 
Late season damage to C. pitcheri flower heads was greater in the northern cluster 
than in the southern cluster (Fig. 20). Results from the multivariate linear regression model 
(Table 2) suggest that late season damage of C. pitcheri, defined as the proportion of flower 
heads with internal or external damage, was best explained by combining the effects of 
average wind speed, number of mature flower heads, number of immature flower heads, 
and number of L. planus in August  (R2 = 0.85, n = 98, P < 0.001). Late season damage was 
negatively correlated with number of mature flower heads (P < 0.001) and average wind 
speed but positively correlated with number of immature flower heads (P = 0.002) and 
number of L. planus in August (P < 0.001). 
Late season seed viability was slightly higher in the southern cluster than in the 
northern cluster (Fig. 21). Based on the multivariate linear regression model (Table 2), late 
season seed viability of C. pitcheri, defined as the proportion of flower heads with viable 
seeds, was best explained by combining the effects of neighboring beachgrass density, 
relative humidity, air temperature, number of mature flower heads, proportion of flower 
heads with damage, and number of L. planus in August (R2 = 0.58, n = 98, P < 0.001). Late 
season seed viability was positively correlated with neighboring beachgrass density, 
number of mature flower heads (P = 0.031), and number of L. planus in August (P = 0.026) 
but negatively correlated with relative humidity (P = 0.018), air temperature (P = 0.008), 
and proportion of flower heads with damage (P < 0.001). 
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Figure 19. Late season distribution of Larinus planus in the experimental Cirsium pitcheri population. 
The (a) occurrence and (b) number of L. planus were measured in August 2014 at Whitefish Dunes 
State Park, WI. Each dot represents the location of an individual C. pitcheri plant with coordinates for 
eastings and northings given in meters in UTM zone 16N. 
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Figure 20. Late season damage by Larinus planus on the experimental Cirsium pitcheri population. The 
proportions of flower heads with damage were measured in August 2014 at Whitefish Dunes State Park, 
WI. Each dot represents the location of an individual C. pitcheri plant with coordinates for eastings and 
northings given in meters in UTM zone 16N. 
 
Figure 21. Late season seed viability of the experimental Cirsium pitcheri population. The proportions of 
flower heads with viable seeds were measured in August 2014 at Whitefish Dunes State Park, WI. Each 
dot represents the location of an individual C. pitcheri plant with coordinates for eastings and northings 
given in meters in UTM zone 16N. 
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Discussion 
 We found significant differences in Larinus planus distribution and damage among 
the three Cirsium pitcheri treatments at Whitefish Dunes State Park (WDSP) during early 
and late season assessments. These treatments were designed so that we can isolate the 
effects of neighboring plants by comparing the low clipped and low grass treatments, and 
isolate the effects of elevation by comparing the low grass and high grass treatments. In 
addition, the best-fit regression models demonstrated that several abiotic and biotic factors 
were significantly influential on L. planus distribution and damage during both seasons. By 
analyzing these results and interpreting them in a spatial ecology context, we can speculate 
about the mechanisms operating in the thistle-weevil system. Our findings have important 
implications for conservation efforts of C. pitcheri and serve as a guide for future research. 
 
Treatment Effects 
 In general, C. pitcheri in the low grass treatment experienced the greatest amount of 
L. planus distribution and damage, followed by those in low clipped treatment and finally 
those in the high grass treatment. These treatment effects indicate that C. pitcheri growing 
at lower elevations and surrounded by more plants are more accessible to L. planus than 
those growing in the opposite habitat conditions. Consequently, it seems as if neighboring 
vegetation, which consists predominantly of beachgrass, is conferring associational 
susceptibility on C. pitcheri. Associational susceptibility has been observed for many 
phytophagous insects, but traditional theory predicts it to be more likely with generalist 
herbivores and with neighboring plants that serve as alternative hosts (Agrawal, 2004; 
Barbosa et al., 2009). Because L. planus is a thistle specialist and does not feed or oviposit 
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on beachgrass, it is not immediately apparent why proximity to beachgrass would attract it 
to C. pitcheri. One potential explanation is that beachgrass and other neighboring plants 
serve as conduits for L. planus dispersal and thereby facilitate seed predation of C. pitcheri. 
Based on our observations, L. planus prefer to walk rather than fly and typically travel via 
vegetation between C. pitcheri. Future L. planus behavior studies could determine whether 
this is a possible mechanism.  
The treatment effects also demonstrated that elevation is a separate driver of L. 
planus distribution and damage. It appears that high elevation imposes a barrier on L. 
planus dispersal, at least during the early season. The slopes leading from the interdunal 
trough to the peak of the secondary dune have few plants, thus there are few vegetational 
conduits, and L. planus likely have to resort to flight to reach high elevations. In addition, 
high elevation sites had faster wind speeds, which may have delayed L. planus from 
reaching the C. pitcheri that grow on the peak of the secondary dune until later in the 
summer. The dispersal behavior and phenology of L. planus is not well known, and detailed 
observations would deepen our understanding of its distribution and damage. 
 
Causal Mechanisms 
 Based on the results of best-fit regression models, many abiotic and biotic factors 
influence early season L. planus distribution, early and late season L. planus damage, and 
late season C. pitcheri seed viability (Fig. 22). Of these, the models for early and late season 
L. planus damage and late season C. pitcheri seed viability were especially informative and 
had several significant explanatory variables. Early season damage was positively 
correlated with neighboring plant density, which supports the notion that neighboring 
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plants confer associational susceptibility on C. pitcheri. In addition, early season damage 
was positively correlated with the number of L. planus found externally in June, which is 
straightforward because more L. planus should produce more oviposition holes.  
There was a negative correlation between late season damage and the number of 
mature flower heads because the likelihood that L. planus chooses any particular flower 
head over another decreases when the number of mature flower heads increases. 
Conversely, late season damage was positively correlated with the number of immature 
flower heads, which may be because immature flower heads might produce olfactory cues 
that attract L. planus (C. Warneke, unpublished data). As expected, late season damage was 
positively correlated with the number of L. planus found internally in August because more 
L. planus inside of flower heads should cause more damage. 
Late season seed viability was associated with several variables. Firstly, seed 
viability was negatively correlated with relative humidity. This relationship is not obvious, 
but it may be because increasing relative humidity is associated with more hydric soils that 
support more surrounding plants. These plants then compete with C. pitcheri for resources 
and perhaps C. pitcheri invest more energy into growth rather than reproduction according 
to resource allocation theory (Bazzaz and Grace, 1997). Alternatively, if C. pitcheri have 
more neighbors, then they may compete with them for pollinator visitations and fewer 
pollination events in turn decreases seed viability. Although our experiment did not assess 
pollination, we hypothesize that there would be a substantial positive correlation between 
pollination and late season seed viability because seeds seem to be pollen-limited (A. S. 
Hakes, personal communication). Another negative correlation was found between seed 
viability and air temperature, which may be confounded with elevation; lower air  
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Figure 22. A conceptual diagram depicting the abiotic and biotic factors that influence early season 
(ES) weevil distribution and damage, late season (LS) weevil distribution and damage, and late 
season thistle seed viability. Arrows are derived from observations of thistles (Cirsium pitcheri) and 
weevils (Larinus planus) at Whitefish Dunes State Park, WI. Early season and late season data were 
collected in June 2014 and August 2014 respectively. Block arrows indicate weevil behaviors, solid 
arrows indicate positive correlations, dashed arrows indicate negative correlations, and arrow 
width is proportional to the magnitude of the correlation coefficient. All correlations are based on 
the results of best-fit regression models except for pollination, which was hypothesized.
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temperatures occur at higher elevations, higher elevations have lower amounts of damage, 
and lower damage leads to higher seed viability. In contrast, seed viability was positively 
correlated with the number of mature flower heads, which may be because mature flower 
heads produce olfactory cues that attract pollinators. There was a negative correlation 
between seed viability and the proportion of flower heads with damage because as more 
flower heads are damaged, their seed viability decreases. Finally, seed viability was 
positively correlated with the number of L. planus in August, which is perplexing because L. 
planus consume seeds. To offer a tenuous speculation, perhaps the C. pitcheri that are more 
accessible to L. planus are also more accessible to pollinators. To determine the effects of 
pollination on seed viability, we could conduct a future study observing pollinator visits 
along elevational and vegetational gradients. 
 
Spatial Ecology 
 At the scale of the entire experimental C. pitcheri population, we observed spatial 
patterns in L. planus distribution and damage. Firstly, we can consider the biotic factors 
that affect the spatial ecology of L. planus. As univoltine insects, L. planus overwinter at the 
bases of dead reproductive Cirsium spp. and emerge the subsequent spring (Louda and 
O’Brien, 2002). After diapause, the L. planus adults must disperse to find mates and suitable 
oviposition sites. Consequently, their dispersal can be considered in the framework of 
optimal foraging theory. According to optimal foraging theory, an animal searching for food 
or a host will behave such that it maximizes its net energy benefits within the constraints of 
its environment (Pyke et al., 1977). This model becomes more complicated when the food 
or host resource is patchily distributed because animals must expend energy journeying 
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between patches, and thus prefer to visit nearby, resource-dense patches (MacArthur and 
Pianka, 1966). According to a spatial point pattern analysis, the C. pitcheri population 
exhibited a clumped distribution at WDSP, which is consistent with other studies (Keddy 
and Keddy, 1984; Girdler and Radtke, 2006). Therefore, when L. planus search for suitable 
oviposition sites, they must distinguish among patches of C. pitcheri based on resource 
availability, which may be related to the number of flower heads, the number of 
neighboring C. pitcheri, or the likelihood that they will find potential mates. Based on the 
results of our best-fit model, neighboring C. pitcheri density was negatively correlated with 
early season L. planus distribution. Although this relationship was not significant, it 
indicates that L. planus preferred more isolated C. pitcheri in the early season. In their study 
of a C. pitcheri population on Beaver Island, MI, Girdler and Radtke (2006) found that 
herbivory occurred more frequently on isolated C. pitcheri. However, their study did not 
differentiate between damage caused by mammals and phytophagous insects and it 
included juvenile and reproductive C. pitcheri; thus, it is only slightly comparable to our 
study.  
In addition to optimal foraging theory, neighboring plants likely influence L. planus 
patch selection because vegetation facilitates its dispersal. In this manner, neighboring 
plants appear to confer associational susceptibility on C. pitcheri as described above. 
Associational effects have been detected in other thistle-weevil systems, with Rand and 
Louda (2004) observing a nonnative thistle conferring associational susceptibility on a 
native thistle, and Russell and Louda (2005) observing a native thistle conferring 
associational resistance on another native thistle. Underwood et al. (2014) recommend a 
conceptual framework for assessing associational effects. Although our experiment fits 
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within this framework, future manipulations should focus on separating frequency and 
density dependence of neighbors. By manipulating the size and selectivity of our clipping 
manipulations, we can remove specific neighboring plant species at varying radii to 
determine the appropriate spatial scale of L. planus dispersal behaviors. 
Besides these biotic factors, several important abiotic factors influence the spatial 
ecology of L. planus. Our results indicate that elevation may act as a barrier to L. planus 
dispersal. Furthermore, changes in elevation are associated with changes in environmental 
conditions including wind speed, air temperature, soil temperature, and relative humidity. 
Because many insects are poikilothermic (body temperature varies with environmental 
temperature), ambient temperature conditions may affect their activity levels (Heinrich, 
1981). Thus, L. planus may be more active in sites with warmer soil and air temperatures. 
As mentioned, fast wind speeds may have deterred L. planus from dispersing to C. pitcheri 
that grow on the secondary dune until the late season. 
Together, gradients in abiotic and biotic factors create a spatially heterogeneous 
environment that falls under the purview of landscape ecology. From the perspective of an 
individual L. planus, this landscape may only encompass a few patches of C. pitcheri. Indeed, 
relatively immobile herbivores such as L. planus respond to small-scale differences in 
vegetation (Barbosa et al., 2009). If landscape barriers separate groups of L. planus into 
discrete breeding populations, then L. planus may exist in a metapopulation at WDSP 
according to Hanski’s definition (1999). Regardless, our findings demonstrate that spatial 
patterns of L. planus distribution and damage differed between early season and late 
season. According to these two temporal snapshots, it appears that L. planus were 
concentrated in a couple patches of C. pitcheri early in the summer and spread throughout 
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the C. pitcheri population as the season progressed. This transition may be a consequence 
of the behavior of L. planus and the spatial distribution of reproductive C. pitcheri from the 
previous year. In the early season, L. planus emerge from diapause and disperse to C. 
pitcheri patches that are easily accessible because of effects of elevation and neighboring 
plant density. Most likely, L. planus selection of patches is in accordance with optimal 
foraging theory and is due in part to associational susceptibility. Based on our 
observations, each flower head usually supports only one or two L. planus larvae. Thus, 
preferred patches of C. pitcheri quickly become saturated with eggs and L. planus must 
disperse to new patches to oviposit. By the late season, L. planus have spread to and 
oviposited on nearly every C. pitcheri, resulting in widespread damage that is catastrophic 
for the long-term survival of the C. pitcheri population. 
 
Conservation Implications 
As a threatened species, C. pitcheri was already vulnerable to extinction before the 
establishment of L. planus at WDSP. Now the effects of L. planus seed predation exacerbate 
the conservation status of C. pitcheri and support the case for uplisting from threatened to 
endangered (Havens et al., 2012). Because of its monocarpic perennial life history, C. 
pitcheri cannot sustain drastic reductions in fecundity, especially when seedling mortality 
can be very high and it may not have a long-term seed bank (D’Ulisse and Maun, 1996; 
Chen and Maun, 1998). Consequently, L. planus has greatly increased the probability of 
extinction for C. pitcheri (Havens et al., 2012). To determine the growth rate of C. pitcheri 
populations, the demographic records collected by researchers from the Chicago Botanic 
Garden and the Wisconsin Department of Natural Resources should be analyzed for 
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temporal trends. If these records indicate significant population decline, then that should 
provide impetus for conservation efforts. 
Our study can help to inform these conservation efforts because it demonstrates 
that plant neighbors influence the damage of C. pitcheri by L. planus. To reiterate, C. pitcheri 
in our low clipped treatment experienced less damage and higher seed viability than those 
in our low grass treatment. Thus, clipping manipulations could provide a buffer against L. 
planus damage. Even if clipping does not prevent oviposition entirely, it may still improve 
damage and seed viability to some extent. In addition, our results can inform other 
management strategies. For instance, researchers at the Chicago Botanic Garden are 
currently developing L. planus traps (Havens and Vitt, personal communication). Based on 
our findings, these traps should be placed in the grass matrix because L. planus are more 
abundant in grassy habitats. Moreover, our results should be considered alongside those of 
other studies (Phillips and Maun, 1996; Bell et al., 2002; Girdler and Radtke, 2006; Havens 
et al., 2012) to guide ecosystem considerations for reintroduction of C. pitcheri. Our work 
suggests that C. pitcheri may fare well in habitats with fewer neighbors, but other studies 
indicate that isolated C. pitcheri are more susceptible to herbivory. The distinction lies in 
the specific herbivore involved, as isolated C. pitcheri may be better protected from 
phytophagous insects, but more vulnerable to white-tailed deer, rabbits, and goldfinches. 
 
Future Directions 
 Our treatment results confirm that elevation and neighboring plant density are both 
very influential on L. planus distribution and damage. However, we cannot conclude 
whether one is more important than the other because our experimental design was not 
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factorial. Given our two independent variables, elevation and neighboring plant density, 
our treatments evaluate three of four possible combinations: low clipped, low grass, and 
high grass. There was no high clipped treatment in part because we could not find 
additional reproductive C. pitcheri growing at high elevations in the continuous section of 
WDSP where we conducted our experiment. In the future, we could expand our 
experimental area and create a high clipped treatment, which would allow for additional 
comparisons in terms of elevation and neighboring plant density. Another adaptation of 
our experimental design is to adjust the size and selectivity of the clipping manipulation 
around the focal C. pitcheri. By varying the radius of clipping, we may be able to discern the 
spatial scale at which L. planus locate and disperse to C. pitcheri. By varying the selectivity, 
we could discern which plants are most responsible for associational effects. This has 
ramifications for conservation if we discover clipping manipulations that effectively 
prevent L. planus from damaging C. pitcheri. Finally, we could conduct some variation of 
our experiment to collect data about L. planus distribution and damage more frequently in 
order to track temporal changes. 
 Our study also raised several questions about the biology of L. planus and C. pitcheri. 
Most phytophagous insects rely on visual and chemical signals to find their host plants 
(Barbosa et al., 2009). Because L. planus are found only on reproductive C. pitcheri and not 
on earlier life stages, it is likely that they detect and react to volatile chemicals produced by 
flower heads. By analyzing the volatile organic compounds released by reproductive and 
non-reproductive C. pitcheri, researchers at the Chicago Botanic Garden are currently 
determining which are unique to reproductives (C. Warneke, personal communication.). 
They may study the ex situ response of L. planus to specific olfactory cues (see methods 
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Thaler et al., 2002) and thereby understand the chemical stimuli that influence L. planus 
dispersal and subsequent damage. In addition, we could conduct an in situ study assessing 
whether these volatiles are perceived more easily higher off the ground since L. planus may 
be able to better detect olfactory cues when atop beachgrass. We also plan to study L. 
planus behavior focusing on their dispersal and selection of host C. pitcheri. Behavioral 
observations differ in their sampling and recording rules (Martin and Bateson, 2007). 
Because many C. pitcheri have only one L. planus on them and L. planus have a small set of 
behaviors, we should observe behaviors using focal animal sampling (as opposed to ad 
libitum, scan, or behavior sampling). Furthermore, we should observe L. planus host 
selection using continuous recording (as opposed to time-interval recording) because how 
L. planus locate and move to individual C. pitcheri, as well as how long those behaviors take, 
is of interest rather than what they are doing at any particular moment. Afterward, we 
could interpret L. planus behaviors within their spatial and environmental setting to 
deduce the effects of elevation, neighboring plants, and weather. In addition, we could 
place L. planus behaviors in their temporal context to study their phenology. To ascertain 
whether L. planus at WDSP exist in a metapopulation, we could kill all L. planus in some 
patches of C. pitcheri and study the patterns of immigration into those newly available 
patches. If L. planus readily recolonize the patches, then they would seem to meet one of 
the conditions of a metapopulation (Hanski, 1999). However, it would be more difficult to 
assess the conditions of discrete breeding populations, high risk of local extinction, and low 
risk of regional extinction. 
 Ultimately, our study demonstrates that L. planus are incredibly damaging to C. 
pitcheri. By investigating this thistle-weevil system, we hope to inform conservation efforts 
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while simultaneously contribute to our understanding of plant-insect interactions in a 
spatial context. Ecology encompasses many subdisciplines, and our research connects to 
some as seemingly disparate as conservation biology and spatial ecology. Yet, even a 
passing familiarity with ecology should engender in people a grand appreciation for the 
interconnectedness of nature. Those who are responsible for managing nature would do 
well to remember the fundamental principle that nothing exists in isolation. The cautionary 
tale of C. pitcheri and L. planus teaches us that some manipulations produce devastating, 
unintended effects in an ecosystem. Fortunately, many natural resource managers are 
learning from past mistakes and conducting more rigorous host specificity tests for 
biocontrol agents. May this trend continue as we fight the good fight of conservation. 
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